Introduction
Pineal parenchymal tumors are rare, accounting for <0.3% of all primary central nervous system tumors (1) . Pineal parenchymal tumors are heterogeneous entities, exhibiting considerable morphological variation. According to the WHO classification for tumors of the central nervous system (2007 revision), these tumors are histologically subdivided into pineocytoma (grade I), pineoblastoma (grade IV), papillary tumor of the pineal region (grade II or III) and pineal parenchymal tumor of intermediate differentiation (PPTID) (grade II or III) (2, 3) . PPTID is a fairly recently defined disease. It was first classified by the WHO in 2000 as a pineal parenchymal tumor with an intermediate prognosis between pineocytoma and pineoblastoma. Determination of the mitotic index and immunohistochemistry are used to pathologically classify PPTIDs as grade II or III (2, 3) .
The treatment for pineal parenchymal tumors is histology-dependent. Pineocytomas are treated with surgical resection. If complete or subtotal resection is accomplished, the outcome is favorable, even without adjuvant treatment (4, 5) . By contrast, the treatment of pineoblastomas should consist of surgery as well as adjuvant treatment, including chemotherapy and craniospinal irradiation. Occasionally, even more aggressive treatment, including myeloablative chemotherapy with stem cell rescue, may be required for the treatment of pineoblastomas (6) .
Unlike other histological subtypes, the optimal management for PPTIDs remains to be determined, as it was relatively recently characterized and is rather rare. In one series, patients with PPTID who were treated with surgery alone survived free of disease (7) . At the other extreme, another study described PPTIDs as tumors with seeding potential and recommended postoperative treatment in a manner similar to that for pineoblastomas (1) . To the best of our knowledge, the number of available studies on the treatment of PPTID is limited, particularly regarding radiation therapy and chemotherapy (8) (9) (10) , whereas there are currently no treatment reports for PPTID cases alone. The aim of this study was to retrospectively evaluate the treatment outcomes of patients with PPTID who received treatment at our institute and analyze the effects of radiation therapy and chemotherapy on this disease.
Pineal parenchymal tumor of intermediate differentiation:
Treatment outcomes of five cases The extent of surgical resection was assessed according to the surgical and pathological reports and postoperative imaging. The resection status was classified as previously described: 'gross total resection' was defined as no evidence of contrast-enhancing tumor on postoperative images; 'R2-resection' was any surgical tumor resection less than gross total resection; and 'biopsy only' was no surgical tumor resection due to inoperability, with a biopsy performed to determine tumor histology (10) . The response to treatment was assessed based on serial measurements of CT or MRI scans.
The criteria for response were as follows: complete response (CR), disappearance of tumor; partial response (PR), >50% decrease in tumor size; progressive disease, >25% increase in tumor size or any appearance of new sites; stable disease, all other situations. Relapse-free and overall survival were calculated from the initiation of radiation therapy to the date of relapse and to the date of death or last follow-up, respectively. The endpoint of the analysis was the date of either the last follow-up or the patient's death.
The appearance or exacerbation of cerebral white matter abnormalities in MRI after treatment, neurocognitive effects, pituitary function and incidence of cerebrovascular disease were investigated as late effects of treatment, according to the grading system of Radiation Therapy Oncology Group (RTOG) common toxicity criteria and Common Terminology Criteria for Adverse Events (CTCAE), version 3.0. The details of the classification according to neurocognitive disorders are as follows: RTOG (neurological/cortical) grade 1, mild somnolence or agitation; grade 2, moderate somnolence or agitation; grade 3, severe somnolence, agitation, confusion, disorientation or hallucinations; and grade 4, coma, seizures and toxic paralysis; and CTCAE (cognitive disturbance) grade 1, mild cognitive disability, not interfering with work̸school̸life performance, specialized educational services/devices not indicated; grade 2, moderate cognitive disability, interfering with work/school/life performance but capable of independent living, specialized resources indicated on a part-time basis; grade 3, severe cognitive disability, with significant impairment of work/school/life performance; and grade 4, unable to perform activities of daily living, with full-time specialized resources or institutionalization indicated.
Patients. Five patients were diagnosed with PPTID and treated at our institute between 2000 and 2011. Table I summarizes the patients' backgrounds, tumor pathological characteristics and treatment received. Two patients were male and three were female. The median age at diagnosis was 52 years (range, 30-55 years). Two patients had evidence of cerebrospinal dissemination at diagnosis, as assessed by radiological findings or cerebrospinal fluid (CSF) cytology. A cytological examination of the CSF was performed prior to chemotherapy and radiation therapy and craniospinal imaging was performed throughout the therapy. The grade of the disease was determined according to the number of mitoses and immunostaining for neurofilaments (grade 2, <6 mitoses and strongly immunopositive for neurofilaments; grade 3, >6 mitoses or <6 mitoses, but without strong immunostaining for neurofilaments) (2) . The five patients were pathologically classified as WHO grade 2 according to pathological criteria (Table I) .
Treatment. None of the patients underwent a gross total resection, due to the difficulty of tumor location and invasion toward the thalamus or the surrounding eloquent area. Three of the five patients had an R2-resection and the remaining two patients, who had cerebrospinal dissemination at diagnosis, had biopsy-only surgery (Table I ).
All the patients were treated with external beam radiation therapy with a 1.8-Gy fraction dose after surgery. Among the five patients, two received 54 Gy directed at the primary lesion following R2-resection; the two patients with cerebrospinal dissemination at diagnosis received 36 Gy of craniospinal irradiation and 18 Gy of whole-ventricular irradiation after biopsy-only surgery. The remaining patient was initially planned to receive 59.4 Gy of whole-ventricular irradiation with concurrent chemotherapy following R2-resection; however, irradiation was discontinued after administering 34.2 Gy due to severe sepsis after chemotherapy.
Four of the patients received six courses of combination chemotherapy with vincristine (0.6 mg/m 2 ), nimustine (60 mg/m 2 ), carboplatin (110 mg/m 2 ) and interferon β (3x10 6 IU) on day 1 and the same dose of vincristine and interferon β on days 8 and 15 (Table I ). The remaining patient was administered radiation therapy alone following R2-resection. The two patients with cerebrospinal dissemination at diagnosis received sequential chemotherapy after radiation therapy and the two patients without dissemination received concurrent chemotherapy with radiation therapy after surgery.
All five patients underwent follow-up MRI or CT every 2 months during the first year after treatment. Further MRI or CT follow-up were performed every 4-6 months after the first year of follow-up.
Results
Outcome. Table II summarizes the treatment results of the five PPTID patients included in the present study. The patients appeared to have long-term survival. The median relapse-free and overall survival were 72.9 and 94.1 months, respectively (mean relapse-free survival, 65.1 months; range, 13.9-108.6 months; and mean overall survival, 79.9 months; range, 13.9-108.6 months). Three of the five patients achieved a CR and two attained a PR as an initial response to treatment (Table II) . Although two of the patients developed a recurrence after treatment, they survived long-term after treatment, with overall survival times of 106.1 and 76.8 months (Table II) . These results demonstrated that, with optimized surgery, radiation therapy and chemotherapy, PPTID patients have the potential for long-term survival. Table I . Patients' backgrounds, tumor pathological characteristics and treatment details. Late effects after treatment As regards treatment selection and outcome, the two patients who received craniospinal and whole-ventricular irradiation after biopsy-only surgery exhibited a long-term survival of ≥6 years (Table II, cases 3 and 4) . However, two patients experienced relapses consisting of cerebrospinal dissemination after treatment and eventually succumbed to the disease (Table II, cases 1 and 4) . Of the two patients with recurrence, one had only received local irradiation at the site of the pineal tumor without chemotherapy after R2-resection. These outcomes suggest that the irradiation field may affect recurrence, although we cannot clearly establish an association between the irradiation field and the outcome, due to the limited number of cases.
Toxicity. All the patients recovered from surgery without significant problems. No lethal events or serious intracranial bleeding were recorded in the perioperative period. Table II outlines the late adverse effects after treatment. The two patients who received 36 Gy of craniospinal irradiation and 18 Gy of whole-ventricular irradiation had evidence of cerebral white matter abnormalities in MRI and grade 3 cognitive disturbance according to RTOG and CTCAE toxicity grading, at 5-7 months and at 4-6 years after radiation therapy (Table II, Fig. 1 ). Although the patient who received only 34.2 Gy of whole-ventricular irradiation had evidence of cerebral white matter abnormalities at 6 months after radiation therapy, the patient exhibited no evidence of a neurocognitive disorder, even 9 years after the treatment. The patients who were irradiated locally had no evidence of cerebral white matter abnormalities or neurocognitive disorders. The two patients who received craniospinal and whole-ventricular irradiation also exhibited evidence of hypopituitarism after treatment: one developed a growth hormone deficiency 8 months after radiation therapy and the other developed a thyroid-stimulating hormone deficiency 7 years after radiation therapy. However, the latter patient already had a lack of growth hormone when he was diagnosed with PPTID. There were no reported cerebrovascular disorders after treatment.
Discussion
As the number of available studies on the treatment of PPTID is limited, the present study may add noteworthy evidence regarding viable treatment outcomes with radiation therapy and chemotherapy in PPTID. In our cohort, two patients experienced relapses with cerebrospinal dissemination and eventually succumbed to the disease; this was consistent with previous studies suggesting the potentially aggressive behavior of PPTID and its tendency for CSF seeding (8, 11) . In a previous report analyzing patterns of prognostic factors and treatment failures, five of 37 patients with PPTID relapsed >5 years after the initial treatment (11) . The role of craniospinal and whole-ventricular irradiation for patients with PPTID remains to be determined. However, the importance of irradiation for patients with pineal parenchymal tumors, excluding pineocytoma, was investigated in a previous study on a series of 30 patients with pineal tumors and 105 with other germ cell tumors (12) . That study demonstrated an association between the radiation dose administered and survival time in patients with pineal parenchymal tumors: the patients who received doses >50 Gy had a significantly higher 3-year survival rate compared to those who received lower doses (94 vs. 56%, respectively; P=0.03). In the present study, almost all the patients, even those with cerebrospinal dissemination at diagnosis, survived long-term after radiation therapy (Table II) . In our cohort, one of the two patients diagnosed with cerebrospinal dissemination received a total of 54 Gy of craniospinal and whole-ventricular irradiation with a combination of sequential chemotherapy after biopsy-only surgery and survived for >7 years. Doses >50 Gy and wide irradiation fields, such as craniospinal and whole-ventricular irradiation, combined with sequential chemotherapy, may be an effective treatment for PPTID with dissemination, although the number of cases analyzed was limited.
Whether all PPTID patients should be treated with chemotherapy remains controversial. Among the five PPTID patients in the present study, one did not receive chemotherapy; this patient developed spinal seeding after treatment and succumbed to the disease. In this patient, a radiation dose of 54 Gy was directed at the pineal region. Given the CSF seeding potential of PPTID and the outcome of this case, either systemic chemotherapy or a wider irradiation field may be required to prevent recurrence, although a definitive conclusion cannot be reached from only five cases regarding the exact indication of chemotherapy and the width of the irradiation field.
There is currrently no standard systemic therapy for PPTID patients. In this study, we used a combination regimen of vincristine, nimustine, carboplatin and interferon β as a systemic treatment for PPTID. The safety of the regimen used in this study was previously confirmed by a phase II study in patients with glioblastoma multiforme (13) . Previous studies demonstrated promising results with the combination of vincristine, nitrosoureas and platinums in children diagnosed with primitive neuroectodermal tumors and low-grade gliomas (14, 15) . Interferon β was reported to act as a drug sensitizer for nitrosourea and alkylating agents, whereas interferon β and nitrosourea combination therapy has been used for the treatment of gliomas in Japan (16) . Moreover, interferon β was shown to enhance chemosensitivity to alkylating agents by downregulating the expression of a DNA repair protein, O 6 -methylguanine DNA methyltransferase, via p53 induction (17) .
A previous study used combination chemotherapy with cisplatin and vinblastine as systemic treatment of pineal parenchymal cell tumors (18) , whereas a clinical study on childhood pineoblastoma used a regimen including ifosfamide, etoposide, high-dose methotrexate, cisplatin and cytarabin followed by radiation therapy, or a regimen including vincristine, lomustine and carboplatin (19) . These regimens may represent other chemotherapeutic options for pineal parenchymal tumors. A recent study suggested that molecular-targeted therapies, in addition to chemotherapy, may be a viable treatment option for PPTID tumors. A mutation of epidermal growth factor receptor (in-frame deletion of exons 2-7) was detected in PPTID tumors by flow cytometry, western blot analysis and reverse-transcription polymerase chain reaction (20) . Patients with PPTID may benefit from a combination of chemotherapy and molecular-targeted therapy in the future.
Although almost all the patients in the present study were long-time survivors, they experienced some late adverse effects. The two patients who received craniospinal irradiation exhibited severe cognitive impairment (grade 3, RTOG and CTCAE toxicity grading) 4-6 years after radiation therapy. This result is consistent with previous reports regarding neurobehavioral outcomes following cranial irradiation (21) . Neurocognitive disorder due to treatment is a multifactorial consequence, although data suggest that injury to neural progenitor cells plays an important role in treament-related neurocognitive toxicity (22, 23) . Associations between radiation dose to neural progenitor cell niches and the temporal lobes were previously reported (24) . From this viewpoint, radiation delivery technique modifications, including hippocampal avoidance, may carry the potential to mitigate cognitive neurotoxicity by sparing normal neural stem cells, as in the RTOG 0933 trial, which was a phase II trial investigating whether avoiding the hippocampus during whole-brain radiation therapy lowers the incidence of long-term neurocognitive toxicity in the management of brain metastases.
In addition to the neurocognitive toxicity effect of radiation therapy, certain types of chemotherapy potentially contribute to neurocognitive toxicity due to the different sensitivity of normal neural stem cells (25) . Newer chemotherapy agents, such as the epidermal growth factor receptor tyrosine kinase inhibitor and the proteasome inhibitor, were reported as potentially neurotoxic, compared to conventional chemotherapeutic agents (25) . Moreover, irradiation may enhance chemotherapeutic neurocognitive toxicity. The majority of chemotherapeutic agents do not effectively penetrate the blood brain barrier; however, there is evidence that brain irradiation causes radiation-induced damage to the capillary bed (26) . The concurrent or subsequent administration of neurotoxic chemotherapy while the blood brain barrier is disrupted by radiation therapy is likely to result in the sensitization of the brain to chemotherapy (21) . As PPTID patients have the possibility of long-term survival even after recurrence, as shown in this study, whether patients should receive systemic chemotherapy and craniospinal and whole-ventricular irradiation should be carefully considered, depending on the patient's pathological characteristics, disease extent and potential to develop severe late adverse effects. As there are several available methods to enhance treatment intensity and reduce the possible effects on long-term toxicity, more detailed prospective future studies with a larger number of cases are required to investigate the optimal irradiation field and chemotherapeutic strategy for PPTID.
There were potential limitations to this study. First, we could not prospectively evaluate the cognitive disorders with a general neurocognitive function assessment, such as the Mini-Mental State Examination, the Montreal Cognitive Assessment, the Hopkins Verbal Learning Test and Trail Making Tests, or a more detailed objective patient-reported quality of life outcome assessment. Second, this was a retrospective study with a limited case series. Although this disease entity is rare, we should prospectively investigate larger cohorts to determine the appropriate treatment options.
In conclusion, we evaluated the outcomes of multimodality treatment for PPTID. Patients with PPTID in this study survived long-term, even after experiencing a recurrence. However, some patients developed serious neurocognitive disorders a few years after the treatment. Taking into account the rarity of this disease and the long-term survival of recurrent patients, a prospective multi-institutional study including a large patient cohort is required to determine the optimal width of the irradiation field and the use of chemotherapy after surgery, weighing the serious late adverse events and survival time.
